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Abstract
This paper presents an experimental approach to study the effect of friction on
magnerorheological (MR) fluids. Both steady and dynamic modes were employed to
investigate MR fluid behaviors. The experimental results indicate that the total MR effects
are dominated by two factors: magnetic force and friction force. Conventionally, the magnetic
force contribution to MR effect has been intensively studied while the friction force effect has
attracted less attention. This study provides a method to quantitatively predict the friction
contribution to the total MR effect. It may be used to effectively analyze enhanced MR
effects reported by other groups. Also, it might provide good guidance to develop
high-efficiency MR fluids.
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1. Introduction
Magnetorheological (MR) fluids consist of suspensions of micro size magnetic particles
in a liquid carrier such as oil or water. They are free-flowing media whose flow properties
change rapidly and reversibly under the influence of a magnetic field. The resulting MR
effect corresponds to the increase in shear stress due to a magnetic field. MR fluids have
found applications in commercial devices such as clutches, shock absorbers and other
mechanical–electrical coupling devices (Hitchcock et al. 2007; Li et al. 1999; Li and Du
2003a).
The efficiency of an MR fluid is evaluated through its yield stress, which measures the
strength of the structure formed by the application of the field.

A number of models have

been proposed to describe the yield stress of MR fluids. Rosensweig (1995) proposed a mean
field continuum model to calculate the static yield stress of MR fluids. Bossis et al. (1997)
calculated the yield stress of a MR suspension based on a mesoscopic description of the
structure and a microscopic approach of the interparticle forces. By taking magnetic
non-linearities and saturation into account, Jolly et al. (1996) developed a quasi-static,
one-dimensional model to examine both mechanical and magnetic properties of MR materials.
Ginder et al. (1996) used nonlinear finite element method, by taking the effect of
magnetization saturation into account, to calculate the field distribution in chains of
magnetizable particles and the interparticle attractive force, and consequently to predict the
magnitude of the field-dependent shear stress. Tang and Conrad (2000) calculated the static
yield stress of MR fluid with a two-dimensional laminar structure model using the Maxwell
stress tensor and taking into account the field concentration between the particles inside the
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aggregates and the effect of saturation magnetization of the particles.
The above models are generally based on the calculation of inter-particle forces, which
can predict the right order of magnitude of the yield stress in some cases. However, these
models cannot be effectively to predict enhanced MR fluids, reported by Tang, Tao and their
co-workers (Tang et al., 2000; Tao 2001). Tang et al. (2000) developed a device, which was
used to compress the MR fluid along the field direction immediately after a magnetic field is
applied. This process did improve the yield stress upper to a limit well above 800 kPa. They
ascribed the enhancement to the change of microstructure due to the compression effect.
Zhang et al. (2004) extended Tang’s work (2000) to study the mechanism of the
squeeze-strengthen effect of MR fluids. They claimed that the friction effect should be taken
into account besides the local field effect. To verify the effect of compression, See et al.
(2006) used a MR rheometer to measure viscoelastic properties, particularly the storage
modulus, of MR fluids under compression. They found that the compression did not have a
large effect on the MR response. Though Zhang et al. (2004) concluded that the total MR
effect was composed of magnetic dipoles’ interact force and friction, they didn’t give further
study on how to quantitatively predict these two effects. In literature, there is very few report
to discuss this problem. This paper aims to quantitatively predict the contribution of friction
and magnetic interaction force by studying rheological properties of MR fluids under both
steady and dynamic working conditions. The result is expected to give a good explanation of
the discrepancy between Tang et al’s (2000) and See et al., (2006) work.

2. Modeling and Experimental
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2.1 Modeling
Viscoleastic properties of ER fluids were theoretically and experimentally investigated by
Jordan and his collaborators (McLeish et al. 1991, Jordan et al., 1992). The mechanisms
contributing to the dissipated energy in ER fluid can be hydrodynamic force due to the
particles’ or chains’ motion in media, the media flow (i.e. fluid friction), or the interparticle
friction. As an analog of ER fluid, similar mechanisms also probably contribute to the
dissipated energy in MR fluid. The overall or general friction force could be composed of
different contributions of these effects. It is known that the hydrodynamic force depends on
the relative velocity between particles and media while the interparticle friction depends on
the normal force and friction factor. In a quasi-static shear at a low rate or a low oscillation
frequency, the interparticle friction provides a dominate role as the hydrodynamic force can
be neglected at such very small velocity cases compared with notable normal force in MR
fluids. Therefore, the modeling approach is based on the assumption that the field induced
shear stress of MR fluid is composed of the inter-dipole stress due to magnetic force and the
friction stress.
Figure 1 shows a pair of iron particles, where the upper particle slides in the shear
direction. The resulting shear stress has two components, magnetic induced stress, τ m , and
friction induced stress, τ f , between particles. The magnetic induced shear stress, τ m , is
derived from the dipoles’ interaction stress σ and it is accompanied by a storage of
magnetic energy within the structure of the particles, while the friction stress, τ f , is
associated with a continuous input of disspation energy. The friction stress is a product of the
interaction stress σ and the particle’s surface friction coefficient, i.e. τ f = µσ . When the

4

external shear stress is removed, the slided particle undergoes a partial recovery as the
magnetic energy is recovered; while the energy due to friction is unrecovered.
2.2 Experimental
A commercial MR fluid, MRF-132AD, supplied by the LORD Corporation is chosen as
the sample. The solids content by weight is 80.98% (LORD Technical Data). Its rheological
properties were measured by using a MR rheometer (MCR 301, Anton Paar Companies,
Germany). The rheometer is equipped with an electromagnet kit, which can generate a
magnetic field, perpendicular to the shear flow direction. A parallel-plate measuring system
with a diameter of 20 mm at a gap of 1 mm was used. The magnetic fields used in this study
vary from 0 kA/m to 600 kA/m.
Under steady-state shear with the shear rate ranging from 0.01 to 100 rad/s, the
dependency of shear stress on shear rate for the MR fluid exposed to various magnetic fields
where measured, as shown in Figure 2. Similar results have been reported by many groups
(Bossis et al. 1997; Wang and Gordaninejad, 1999), and both the simple Bingham plastic
model and the Herschel-Bulkley model were used to effectively predict such behavior (Wang
and Gordaninejad, 1999). The stress-strain relationship of MR fluids under various magnetic
fields were measured and shown in Figure 3a, where the strains applied vary from 0 up to
50%. These results demonstrate again that MR fluid behaviors have two regimes: pre-yield
regime and post-yield regime, which are generally separated by a yield strain, γ y , (Li et al.,
2003b). At the pre-yield regime, MR fluids are modeled as linear viscoelastic solid, where
shear stress shows a linear relation with shear strain and the slope of stress-strain curve is the
shear modulus. It is supposed that the shear modulus increase steadily with the increase of
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magnetic field before the MR fluid reaches saturation status. At the post-yield regime, shear
stress is independent of strain. Further examining the pre-yield regime behavior with
sufficiently small strain, as shown in Figure 3b, it is found that the linear relationship
between shear stress and shear strain is less than 0.3%. As the shear strain at conventional
working conditions is much larger than this yield strain, so the linear shear stress versus shear
strain relationship at pre-yield regime is not sufficient to cover overall performances of MR
fluids. Also, the results from steady shear measurement cannot give distinct information on
the magnetic and friction contribution. Furthermore, the conventional theory on the shear
stress-strain curve cannot effectively predict the stress-strain relationship as they don’t take
the friction into account.
Again in Figure 1, the shear rate dependence of shear stress is composed of two parts: one
is from magnetic stress and the other is from friction. However, it would be hard to find
specific contributions of these two parts just based on steady state experiment. To measure
the magnetic induced contribution exactly, oscillatory shear is used to test samples, where
both storage modulus, G ′ , and loss modulus, G ′′ , at various magnetic fields can be
obtained. It is known that the storage and loss modulus in viscoelastic materials can be used
to separately measure the stored energy (representing the elastic portion) and the energy
dissipated as heat (representing the viscous portion).

Here the elastic part can be looked as

the magnetic induced part, because they are the energy stored in the material. And the viscous
part can be looked as the friction part, because they are the energy dissipated as heat.
Therefore, in this paper, the storage modulus, measured by using oscillatory shear, is used to
quantitatively determine the elastic part. Figure 4 shows the experimental results of the
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storage of MR fluid at various magnetic field intensities. These results also demonstrate that
MR fluid shows linear viscoelastic properties at sufficient small strain amplitudes, where the
storage modulus is independent of shear strain. At high strain amplitudes, the storage
modulus decreases steadily with the increase of strain amplitude. By using the equation
τ elas = G ′ γ , the shear stress due to storage modulus is calculated and shown in Figure 5.
Comparing Figure 5 and Figure 3a, it is found that the shear stress due to storage part, or the
magnetic force between particles, is lower than the total shear stress. The results
demonstrated that the total shear stress indeed composed of friction contribution. The
difference between these two parts is the shear stress contribution due to friction. Similar
result has been reported on ER fluid, shear stress of which was separated into attractive ER
force and destructive viscous hydrodynamic force (Cho et al., 2003). To verify this
assumption, or to compare experimental results obtained using two different testing methods,
oscillatory

shear

and

steady

shear,

a

viscoelastic

sample

of

silicon

rubber,

Polydimethylsiloxane (PDMS) 2025 (Dow corning 184) was prepared, which is a
room-temperature vulcanizing elastomer with a transparent appearance. Figure 6 shows the
strain-stress curves tested using these two methods. It can be observed that experimental
results from both these two methods are very close. The reason for this is probably that this
material has relatively low inner friction (its damping factor is about 0.03). This result may
strongly support our assumption that the friction contribution is the major reason for the wide
difference between oscillatory and quasi-static test results of MRF.
From the oscillatory shear result (Figure 5), the MRF sample has strain dependent
properties until about 0.4. This phenomenon also reflected in the proposed empirical equation
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(1). For the steady shear result, shear stress is independent strain when the strain is above
0.3%. The value difference between oscillatory and steady shear is considered as the friction
force. The storage modulus of MRF is derived from magnetic force, i.e. inter-dipole force.
According to the relationship between the normal force (the inter-dipole force) and the
friction force, the coefficient of friction 0.2 is achieved. An empirical equation was derived to
predict the shear stress of this MR fluid:
0 .3 H

γ ≤ 0 .4
 (µ + γ )
τ = τ f + τ m = µσ + γσ ≈ 
1 + 5γ
( µ + 0.4)0.1H γ > 0.4

(1)

Here µ≈0.2 is the coefficient of friction. The normal stress due to the field-dependent
inter-dipole force is σ.
From equation (1), it can be found that the friction stress plays a dominant role in
contributing to the total shear stress at sufficiently small strain. For high shear strain, it
contributes to about 30% of the total stress.

3. Discussion
Eqn. (1) provides an empirically quantitative equation to predict the friction effect, which
may be used to explain the discrepancy between Tang’s and and See’s work (Tang et al., 2000;
See et al., 2006). See et al. (2006) measured the storage modulus of MR fluids under
different compression gaps and found there was no obvious change of the storage modulus.
This is right as the storage modulus reflects the capability of storing energy. The small
compression effect won’t increase energy storing capability. However, the gap compression
would increase the surface friction characteristics, which would increase the shear stress due
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to friction. It is noted that the compressive pressure in Tao’s (2001) experiment is up to
2.5MPa, and the yield stress induced under a constant field increased dramatically from
approximately 100kPa to over 600kPa. Suppose the coefficient of friction in Tao’s
experiment is the same as the value of 0.2 what we experimentally obtained, the shear stress
due to the compression is calculated as τ f = 0.2 × 2.5MPa = 500kPa . This value is in good

agreement with the experimental results by Tao and their co-workers (Tang, et al. 2000; Tao,
2001). So we propose the enhanced MR effect by Tang and Tao actually comes from friction
effect rather than magnetic forces. Modeling approach shows that the shear modulus is
proportional to the interactive forces between particles. The interactive forces show a sharply
deceasing trend with the particle distance to the order of 3. Therefore, decreasing particle gap
or distance would significantly increase the shear modulus. However, when the particle
volume is high, where all particles form into stable chains, as shown in Figure 7a, under the
compression, there is no space for the particle to move along the chain direction. These
particles can only be moved to side space, as shown in Figure 7b. The interactive forces for
these two cases are very similar. This explanation could support See et al.’s experimental
results. However, at the case Figure 7b, the surface pressure at the compression case is higher
than that of case a, the friction is higher than the case a, so the total MR effect shows an
increasing trend. That could be the reason why Tang et al.’s experiment shows a higher MR
effect. The analysis might also be helpful to produce new MR fluids.
It is known that the maximum shear strength of MR fluids is proportional to the square of
the saturation magnetization of the particles. The conventional method MR fluids with higher
yield stresses can only be produced when a new materials possessing larger saturation value
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are identified. The analysis indicates that the shear stress of MR fluids can also be improved
if the friction factor of particles is improved. To this end, finding materials or processes to
increase friction factors could be good approaches to enhance MR effects. The friction factor
could be conceivably improved by using some pre-treatment for particles, such as fabricating
the particles with the materials have higher coefficient of friction, coating the particles with
other gum-like materials. Wen et al. (Wen et al., 2003) used coated nanoparticles to fabricate
giant electrorheological with a yield stress up to 130 kPa, breaking the theoretical upper
bound on conventional ER static yield stress. Wu et al. (Wu et al., 2006) used carbonyl iron
powders coated with guar gum as magnetic particles in the MR fluid. Experimental results
showed that inducing a guar gum strengthened the yield stress of the MR fluid. Their results
could be due to the increment of friction part. On the other hand, particles’ coating shell with
low friction factor may decrease the MR effect. Cho et al. (Cho et al. 2004) and Jiang et al.
(Jiang et al. 2005) reported carbonyl iron particles coated with either PMMA or PVB, which
have smoother surface, indeed decreased MR effect while increasing the dispersion stability.
Lower friction factor and increased particle distance due to polymeric coating may be the
reasons for MR effect decrease.

4. Conclusion

In this paper, the rheological behavior of MR fluids was tested by quasi-static, steady and
dynamic shear mode. The effect of compression on the MR effect was quantitatively
investigated by comparing the stress difference between two testing methods. At low shear
strain conditions, resulting stress due to the friction plays an important role in the overall
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resulting stress; at large shear strain conditions, its contribution is about one third of overall
shear stress, so the contribution of friction can not be neglected in most cases. This
investigation provides a reasonable explanation of the disagreement of the recent reports. It
would also provide good guidance to develop new MR materials.
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Figure captions

Figure1. A pair of particles in shear
Figure 2 Shear stress versus shear rate at different magnetic fields
Figure 3 Shear stress versus shear strain at different magnetic fields
Figure 4 The storage modulus of MR fluid at different magnetic fields
Figure 5 The shear stress due to storage energy versus shear strain in different magnetic field
Figure 6 The comparison between oscillatory and quasi-static test results of PDMS
Figure 7 The particle chains under compression
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Figure1. A pair of particles in shear
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Figure 2 Shear stress versus shear rate at different magnetic fields
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a

b
Figure 3 Shear stress versus shear strain at different magnetic fields
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Figure 4 The storage modulus of MR fluid at different magnetic fields
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Figure 5 The shear stress due to storage energy versus shear strain at different magnetic fields
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Figure 6 The comparison between oscillatory and quasi-static test results of PDMS

20

a

b
Figure 7 The particle chains under compression

21

